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Abstract
The Arabidopsis thaliana ARAKIN (ATMEKK1) gene shows strong homology to members of the (MAP) mitogen-
activated protein kinase family, and was previously shown to functionally complement a mating defect in Saccharomyces
cerevisiae at the level of the MEKK kinase ste11. The yeast STE11 is an integral component of two MAP kinase cascades: the
mating pheromone pathway and the HOG (high osmolarity glycerol response) pathway. The HOG signal transduction
pathway is activated by osmotic stress and causes increased glycerol synthesis. Here, we first demonstrate that ATMEKK1
encodes a protein with kinase activity, examine its properties in yeast MAP kinase cascades, then examine its expression
under stress in A. thaliana. Yeast cells expressing the A. thaliana ATMEKK1 survive and grow under high salt (NaCl) stress,
conditions that kill wild-type cells. Enhanced glycerol production, observed in non-stressed cells expressing ATMEKK1 is the
probable cause of yeast survival. Downstream components of the HOG response pathway, HOG1 and PBS2, are required for
ATMEKK1-mediated yeast survival. Because ATMEKK1 functionally complements the sho1/ssk2/ssk22 triple mutant, it
appears to function at the level of the MEKK kinase step of the HOG response pathway. In A. thaliana, ATMEKK1
expression is rapidly (within 5 min) induced by osmotic (NaCl) stress. This is the same time frame for osmoticum-induced
effects on the electrical properties of A. thaliana cells, both an immediate response and adaptation. Therefore, we propose
that the A. thaliana ATMEKK1 may be a part of the signal transduction pathway involved in osmotic stress. ß 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction
Kinase pathways, speci¢cally mitogen-activated
protein (MAP) kinase cascades, have been implicated
in the regulation of stress responses in higher plants
[1,2]. MAP kinase pathways amplify the stimuli
through sequential activation of phosphotransfer re-
actions [3^5]. Although many mitogenic signals acti-
vate MAPKs through di¡erent receptors, a down-
stream cascade of three protein kinases is
evolutionarily conserved: a MAP kinase kinase kin-
ase (MEKK) phosphorylates a MAP kinase kinase
(MEK), which in turn phosphorylates a MAP kinase
(MAPK). In both yeast and mammalian cells, indi-
vidual MAP kinase pathways have been extensively
dissected at the molecular level. In contrast, the
physiological roles of the MAP kinase pathways in
plants are not clearly de¢ned despite a large number
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of cloned genes with sequences similar to MAP kin-
ase cascade members (e.g. [6^10]). Most of the genes
identi¢ed from plants show sequence homology to
the MEK and MAP kinase steps. In the past, it
has been a challenge to isolate upstream components
of the MEK kinase step.
Yeast o¡ers a useful model for examining the
function of MAP kinase homologs from plants
[2,11,12]. Several di¡erent processes have been iden-
ti¢ed in yeast cells that MAP protein kinase cascades
distinctly regulate, including mating [13^15], re-
sponse to high osmolarity [16,17], and maintenance
of cell wall integrity [18^20].
The pheromone response (mating) pathway of the
budding yeast Saccharomyces cerevisiae consists of
the production and release of the speci¢c mating
pheromones, a- and K-factor. Mating is initiated in
the two haploid cell types via a MAP kinase cascade
that eventually leads to conjugation between the two
mating types to form a/K diploid cells. In yeast, the
ste6 mutant lacks the a-mating factor transporter
and therefore cannot mate. Using functional comple-
mentation of a S. cerevisiae ste6 mutant with Arabi-
dopsis thaliana cDNA, we isolated a putative serine/
threonine protein kinase that we initially named
ARAKIN [11] (also identi¢ed by Mizoguchi et al.
[2] as ATMEKK1) which showed similarity to mem-
bers of the MAP kinase pathway. Subsequent epis-
tatic analysis revealed that ATMEKK1 was acting
downstream of STE6, and functionally comple-
mented the pheromone response pathway in S. cere-
visiae at the step of MEKK, the STE11 gene [2,11].
In addition to the pheromone response pathway,
yeast STE11 is a component of the response to
high osmolarity (osmosensing pathway) [21].
In yeast, two independent osmosensors regulate
the high osmolarity glycerol response (HOG1) path-
way, Sho1 and Sln1 [16,22,23]. The Sln1 is a two
component osmosensor that is a homolog of a pro-
karyotic two-component pathway that controls the
osmotic response in bacteria [24]. The Sln1 transmits
a signal to two redundant MEKKs, Ssk2 and Ssk22
[25] which activate the Pbs2 kinase [21,23]. The sec-
ond osmosensor, Sho1 also activates Pbs2 kinase in-
dependently of Sln1 through the Ste11 MEKK [21].
Pbs2 activates the Hog1 MAPK [17] which then reg-
ulates synthesis of glycerol. A mammalian Jnk1 and
p38 kinase share a sequence similarity to the yeast
Hog1 kinase, and can functionally complement a
yeast defective in Hog1 expression [26^28]. A human
homolog of the yeast Ssk2/Ssk22 MEKK, MTK1 has
been recently cloned by functional complementation
of the yeast MEKK mutants [29]. In eukaryotes, be-
sides SLN1, another three proteins show sequence
similarity to the histidine kinase domain of two-com-
ponent systems. Two of these are from plants [30,31]
suggesting that a similar mechanism in plants may
mediate responses to osmotic stress.
Higher plant responses to stress can involve
changes in ion transport [26,32], and the accumula-
tion of compatible solutes like proline, glycine be-
taine, choline or glycerol [33,34]. Many plants re-
spond to osmotic stress by accumulating high levels
of proline [35,36]. Proline biosynthetic genes have
been cloned and their expression is induced upon
cold and osmotic treatments [37,38]. Related protein
kinases that regulate osmosensing signal transduction
have been found in yeast and mammalian cells [39].
To determine possible functions of ATMEKK1,
particularly in responses to osmotic shock, we inves-
tigated ATMEKK1 e¡ects on the pheromone and
the HOG osmotic pathway in yeast. Our analysis
showed that ATMEKK1 can induce both mating
and survival after osmotic stress by functioning at
the level of the STE11 and SSK2/SSK22 kinase. In
A. thaliana, osmotic stress rapidly induced AT-
MEKK1 expression within 5 min of stress treatment,
the same time frame for response and adaptation of
root hair electrical properties. Therefore, AT-
MEKK1 might be a component of a fast response
to osmotic stress in plants, and speci¢cally of an
osmosensing signal transduction pathway that may
be similar to the HOG pathway in yeast.
2. Materials and methods
2.1. Construction of a fusion protein
The catalytic domain of ATMEKK1 was ampli¢ed
by polymerase chain reaction (PCR) using a se-
quence speci¢c forward primer (5P-GCGGATC-
CACTCCTCAAGCACAGTAT-3P) along with a
universal reverse primer (5P-GCGGATCCACTCCT-
CAAGCACAGTAT-3P). The PCR reaction was car-
ried out under standard conditions with primer an-
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nealing performed at 55‡C. The 50-Wl PCR reaction
mixture included 100 ng of ATMEKK1 cDNA tem-
plate, 10 pmol of the forward and reverse primers,
200 WM of each dNTP, 1.5 mM MgCl2, 50 mM KCl,
10 mM Tris-HCl, pH 8.3, and 2.5 U of Taq polymer-
ase (Perkin^Elmer, Norwalk, CT). An expected PCR
product 1.4 kb in size (nucleotides 539^1904) corre-
sponded to the putative catalytic domain of the AT-
MEKK1 protein, which included an open reading
frame of 317 amino acids given the presence of an
in frame TGA stop codon at nucleotide 1491 in the
ATMEKK1 sequence. A convenient BamHI restric-
tion site located at the 5P-end of the forward primer
allowed for subcloning and construction of the fu-
sion protein in the pGEX-5X-2 plasmid. This plas-
mid directs the synthesis of a foreign polypeptide as
a fusion with 26 kDa glutathione-S-transferase
(GST), which is under the control of the IPTG-in-
ducible promoter (Plac) [40]. The PCR product en-
coding the kinase domain of ATMEKK1 was cloned
into the polylinker region of pGEX-5X-2 at the
unique BamHI/EcoRI restriction sites to generate
the correct open reading frame for ATMEKK1.
In addition to the fusion protein, several controls,
namely, BL21 Escherichia coli transformed with an
empty pGEX-5X-2 plasmid and untransformed
BL21 bacterial cells, were grown overnight in TB
medium supplemented with ampicillin at a standard
concentration of 50 Wg/ml. Bacterial cultures grown
at 37‡C to an OD600 of 0.5 were induced with 1 mM
isopropyl L-thiogalactoside (IPTG) and grown for an
additional 2 h at 37‡C.
Bacterial pellets were resuspended in 1 ml of PBS
(137 mM NaCl, 3 mM KCl, 5 mM NaH2PO4, 2 mM
KH 2PO4) bu¡er and kept on ice during sonication
three times with 10-s pulses at level 3.5. Protein con-
centration was determined according to Bradford
[41]. Samples were analyzed on a 10% SDS-poly-
acrylamide gel.
2.2. Kinase assay
The ATMEKK1-GST fusion protein was ex-
pressed in E. coli and puri¢ed by a⁄nity chromatog-
raphy using glutathione^Sepharose beads as de-
scribed by Smith and Johnson [40] with minor
modi¢cations to the extraction bu¡er (10 mM Tris,
pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton X-
100, 2 mM NaF, 2 mM Na pyrophosphate). GST-
tagged ATMEKK1 was puri¢ed by incubation of cell
lysate with glutathione^Sepharose beads for 2 h at
4‡C. The kinase assay was carried out by resuspend-
ing the beads containing the bound ATMEKK1-
GST fusion protein in 50 Wl of kinase bu¡er (30
mM Tris, pH 7.5, 20 mM HEPES, pH 7.1, 10 mM
MgCl2, 10 WM ATP) [42] and incubated at 37‡C for
30 min in the presence of 25 WCi of [Q-32P]ATP (6000
Ci/mmol, Dupont, NEN Research Products, Bos-
ton). The samples were resolved by electrophoresis
through a 10% SDS-PAGE gel [43], then stained
with Coomassie blue to visualize proteins, and ex-
posed to X-ray ¢lm overnight to detect autophos-
phorylation.
2.3. Yeast strains and culture conditions
The genotypes and sources of strains used in this
study are shown in Table 1. Yeast cultures were
grown on YPD (1% yeast extract, 2% Bacto Peptone,
2% glucose) or on SD (0.67% Difco yeast nitrogen
base without amino acids and 2% glucose) supple-
mented as required for each particular strain.
Table 1
Yeast strains
Strain Genotype Source
W303-1A MATa ade1 trp1 leu2-3, 112 his2 ura3-52 [64]
ssk2/ssk22/sho1 MATa ura3 leu2 his3 ssk2: :LEU2 ssk22: :LEU2 sho1: :TRP1 [21]
ssk2/ssk22/ste11 MATa ura3 leu2 his3 ssk2: :LEU2 ssk2: :LEU2 ste11: :HIS3 [21]
WT MATa ura3 leu2 trp1 his3 [21]
hog1 MATa ade1 trp1 leu2-3,112 his2 ura3-52 hog1: :LEU2 M. Gustin
EY957 MATa sst1v ura3-1 leu2-3,112 trp1-1 ade2-1 can1-100 [65]
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2.4. Nomarski microscopy
ARAKIN (ATMEKK1) cDNA was isolated from
an A. thaliana VYES cDNA expression library [44].
It was transformed into the W303-1A yeast strain by
the lithium acetate method [45]. Transformants were
selected on medium lacking uracil since the A. thali-
ana VYES library carries a URA3 marker. Both
ATMEKK1-transformed and untransformed yeast
strains were grown overnight at 30‡C in SD medium.
The cells were harvested and suspended in SD me-
dium containing either glucose or galactose. The ex-
pression of ATMEKK1 in VYES is under the control
of a galactose inducible promoter; Northern analysis
con¢rmed that it is strongly expressed in the presence
of galactose, and that expression is suppressed in the
presence of glucose. The cells were grown for another
8 h until mid-log phase and then harvested, ¢xed in
5% formaldehyde (v/v) and examined using Nomar-
ski optics.
2.5. Survival rate after osmotic stress
The S. cerevisiae W303-1A yeast strain was trans-
formed with the ATMEKK1 gene by the lithium ace-
tate method. Transformants were selected on me-
dium lacking uracil and individual clones were
grown overnight in selective medium. To determine
the survival rate, similar numbers of yeast cells
(7U105) were grown for 2 h in selective medium
with either glucose or galactose. These mid-log phase
yeast cells were challenged with (or without) 3 M
NaCl and grown with vigorous shaking at 30‡C for
8 h. Aliquots were plated on non-selective rich YPD
medium plates and scored for colony formation to
determine survival rate.
2.6. Total glycerol determination
Total glycerol determination was performed by
heating 1.5 ml samples of transformed and untrans-
formed yeast cells at 95‡C for 10 min, centrifuging
them at 10 000Ug for 10 min [46], and freezing the
supernatant. The glycerol concentration was deter-
mined by using an enzymatic analysis kit (glyceroki-
nase/pyruvate kinase/lactate dehydrogenase coupled
assay) (Boehringer Mannheim). The results were nor-
malized using the sample protein concentration [41].
2.7. Yeast complementation
Three di¡erent yeast strains defective in the HOG
pathway, hog1v pbs2v, and a ssk2/ssk22/sho1 triple
mutant, were transformed with the ATMEKK1 gene,
selected on medium lacking uracil and grown over-
night in selective medium. To test complementation,
transformants (grown to mid-log, V107 cells/ml
based on OD600) were diluted to 104 cells/ml and
induced with galactose for 2 h and tested for com-
plementation by spotting 104 cells on YPD plates
containing either NaCl (0.45 or 0.9 M) or sorbitol
(0.9 or 1.5 M).
2.8. Mating-arrest assay
ATMEKK1-transformed yeast strains (ssk2/ssk22/
sho1, ssk2/ssk22/ste11 and sst1v) were grown over-
night in 3 ml of synthetic complete medium (SC)
containing glucose (2%) and lacking uracil.
ATMEKK1 expression was induced by transferring
cells into galactose containing medium for 4 h. Mol-
ten (50‡C) agar medium containing galactose or glu-
cose was inoculated with the mid-log ATMEKK1-
transformed yeast strains (2U104 cells/ml) and
poured onto Petri plates. Sterile ¢lter disks were
placed on the surface of agar, and 10 Wl of indicated
concentrations of K-factor (K-F) (20, 2, and 0.2 WM)
were applied to the ¢lter disks. Plates were incubated
at 30‡C for 2 days. Growth arrest indicates a normal
mating response to the presence of K-factor.
2.9. Stress induction in A. thaliana plants
A. thaliana plants were grown in culture dishes
under continuous £uorescent illumination at 25‡C
for 4 weeks. Osmotic stress was applied by submerg-
ing the seedlings in either NaCl (250 mM), or water
for long (1, 2, 5, 10 and 24 h) and short (5, 10, 15,
30, 45 min) durations. Following treatment, the seed-
lings were frozen in liquid nitrogen and stored at
370‡C. Total mRNA was isolated essentially as de-
scribed by Nagy et al. [47].
2.10. Slot blot analysis
Eight micrograms of total RNA from each os-
motic stress treatment was used in slot blot analysis
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to determine the expression level of the ATMEKK1
gene. Samples were loaded into each slot of the
micro-sample vacuum blotting apparatus (American
Bionetics, CA, USA), and the RNA transferred
onto a nylon membrane. Prehybridization was car-
ried out overnight at 42‡C in 5USSPE, 10UDen-
hardts, 0.5% SDS (w/v); hybridization was per-
formed overnight at 42‡C in 5USSPE, 50%
formamide (v/v), 0.5% SDS (w/v), 50 mg/ml salmon
sperm DNA, and 10% dextran sulfate (w/v). The blot
was hybridized with three di¡erent probes: AT-
MEKK1 cDNA (2.3 kb EcoRI fragment)[11], 18S
rRNA (a 1.5-kb EcoRI fragment from a Brassica
rappa cDNA encoding part of the 18S rRNA)[48],
and K-tubulin cDNA (a 1.0-kb EcoRI/HindIII frag-
ment from A. thaliana) [49]. The probes were labeled
with [K-32P]ATP (10 mCi/ml) using a random
priming kit (Biolabs). Each probe was labeled to a
speci¢c activity of 3U108 cpm/mg for hybridization.
After several washes in 2USSC, 0.1% SDS for 15 min
at room temperature (RT), two washes in 0.1USSC,
0.1% SDS for 30 min, and two washes in 0.2USSC,
0.1% SDS at 60‡C for 30 min, the hybridization sig-
nals obtained for each probe were quanti¢ed using
the Packard Instant Imager Electronic Autoradiog-
raphy Model 2024 (Canberra, Meriden, CT). Two
internal controls, 18S rRNA and K-tubulin were
used to correct for loading. In addition to slot blot
analysis, regular Northern blots were performed for
all the samples to insure that isolated RNA was in-
tact. The nylon membranes were also exposed to
X-ray ¢lm at 370‡C overnight to detect the signal.
3. Results
3.1. Kinase activity of ATMEKK1 protein
To show that ATMEKK1 is a protein with kinase
activity, the ATMEKK1-pGST fusion protein was
expressed using a pGEX-5X-2 construct and puri¢ed
on glutathione agarose beads [40]. The in vitro assay
for kinase activity was carried out with the fusion
protein in the presence of [Q-32P]ATP. In Fig. 1A, a
Coomassie blue stain of the SDS-PAGE gel shows a
band (slightly larger than the predicted 66-kDa fu-
sion protein) (lane 1) which is absent in the control
lanes containing either pGEX-5X-2-transformed
E. coli (lane 2), or untransformed E. coli
BL21(DE3) bacterial cells (lane 3). The smaller size
proteins are either E. coli protein degradation prod-
ucts, or GST. An autoradiogram of the gel from Fig.
1A detected autophosphorylation activity of the
fusion protein con¢rming that ATMEKK1 encodes
an active kinase protein (Fig. 1B).
3.2. E¡ect of over expression of ATMEKK1 on the
mating pheromone signal transduction
Previously, we showed that the Arabidopsis com-
plementation clone cATMEKK1 could function as a
component of the pheromone response pathway [11].
The A. thaliana cDNA could complement ste11 and
ste20 steps of the pathway, but not the fus3/kss1 step.
This implied that cATMEKK1 could function at the
Ste11 (MEKK) kinase step. In addition, Mizoguchi
et al. [2] performed a similar analysis, providing fur-
ther support that ATMEKK1 functions at the step of
STE11 in the pheromone response pathway. The
clone that we have isolated by complementation is
truncated at its amino-terminal (117 amino acids at
its N-terminal are missing) [2,11]. The missing N-ter-
minus is part of the regulatory domain which shows
no sequence homology to yeast MAP kinase path-
way components. Therefore, we wanted to determine
Fig. 1. Kinase activity of ATMEKK1 protein. (A) Coomassie
blue stain of an SDS-PAGE gel of GST fusion protein isolated
with glutathione beads and tested for kinase activity by the ad-
dition of [Q-32P]ATP. Molecular weight markers are shown on
the left. Lane 1, pGEX-ATMEKK1 fusion protein in
BL21(DE3); lane 2, control pGEX-5X-2 plasmid in
BL21(DE3); lane 3, BL21(DE3) extract (control). (B) Autora-
diogram of the gel shown in (A) to test the kinase activity of
ATMEKK1 fusion protein (autophosphorylation). The gel was
exposed for 8 h at room temperature.
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if ATMEKK1 might act in a manner similar to the
N-terminal truncated form of Ste11 protein [50].
Truncated Ste11 protein in yeast was shown to be
dominant to the intact Ste11 protein, and its expres-
sion causes a pheromone-independent activation of
the mating pathway: speci¢cally, cell cycle arrest in
the G1 phase, and accumulation of large unbudded
cells and pear-shaped cells [51,52]. Expression of the
ATMEKK1 protein in wild-type W303-1A S. cerevi-
siae cells does not cause Shmoo morphology since
many cells are budded and not in G1 (Fig. 2, lower
panel). The distinct phenotype that is observed (en-
larged highly vacuolate cells, mostly uninucleate
based on DAPI staining) is not a result of growth
conditions since untransformed W303-1A cells grown
in galactose and transformed W303-1A cells grown
on glucose (which suppresses ATMEKK1 expres-
sion) both exhibited typical wild-type morphology
(Fig. 2, upper panel and data not shown, respec-
tively). Therefore, although the A. thaliana
ATMEKK1 gene can complement the S. cerevisiae
Ste11 step, in its truncated form it does not function
as a dominant allele of Ste11, and thus is not engag-
ing in ‘promiscuous’ phosphorylation.
3.3. E¡ect of ATMEKK1 on the survival rate of yeast
due to osmotic stress
Although ATMEKK1 activates the mating path-
way [2,11], we wanted to determine if the action of
the Arabidopsis gene was speci¢c to the pheromone
response pathway, or if it could interact with other
yeast MAP kinase pathways, in particular with the
stress response pathway. The role of ATMEKK1 in
osmotic response was examined in yeast by subject-
ing mid-log phase yeast cells transformed with the
ATMEKK1 gene to osmotic stress (3 M NaCl). Be-
fore application of osmotic stress, we inoculated four
cultures with similar cell numbers (7U105 cells/ml)
for 2 h in the presence of either galactose to induce
ATMEKK1 expression, or glucose to suppress its ex-
pression. Yeast survival was analyzed by plating cell
dilutions on YPD medium, since OD600 was not an
accurate measure of cell survival due to the change in
the cell size upon ATMEKK1 induction. Mid-log
S. cerevisiae W303-1A cells transformed with the ga-
lactose-inducible VYES-cATMEKK1 survived appli-
cation of 8 h of osmotic stress, while yeast cells
that were not expressing ATMEKK1 (glucose-grown)
exhibited cell death (1.3U104 cells/ml) (Fig. 3). Over-
all, less than 1.9% of yeast cells survived prolonged
salt stress, as compared to 50% of ATMEKK1 ex-
pressing cells. These results strongly suggest that the
ATMEKK1 gene product is directly responsible for
the signi¢cant increase in survival of osmotically
stressed W303-1A cells.
3.4. Total glycerol determination
An osmotically stressed yeast cell adapts to os-
Fig. 2. Phenotype of yeast cells expressing ATMEKK1 protein.
Cell morphology of the wild-type S. cerevisiae yeast strain
(upper panel) or transformed with Arabidopsis ATMEKK1 in
VYES vector and grown to mid-log phase in medium contain-
ing 2% galactose to induce cATMEKK1 expression (lower pan-
el). Images were taken by Nomarski optics. Scale bar: 20 Wm;
the scale is the same for both panels.
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motic changes by increasing its glycerol concentra-
tion [53]. This process is regulated by the high glyc-
erol response (HOG) MAP kinase pathway. Since
expression of ATMEKK1 causes a higher yeast sur-
vival rate, we examined glycerol production to con-
¢rm, indirectly, that ATMEKK1 was activating the
HOG pathway. The W303-1A yeast strain was trans-
formed with the ATMEKK1 gene and grown over-
night in the presence of ra⁄nose, ATMEKK1 gene
expression was induced by galactose for 3 h, fol-
lowed by either no treatment, or 3 M NaCl treat-
ment for 4 h. ATMEKK1 gene expression stimulated
glycerol production in yeast in the absence of osmotic
stress: a two-fold increase in glycerol concentration
compared to untransformed cells (Fig. 4). A similar
two-fold increase in glycerol production of
ATMEKK1-transformed W303-1A cells as com-
pared to untransformed cells was observed when cells
were grown under di¡erent growth conditions: in the
presence of glucose, followed by galactose induction
of the ATMEKK1 gene for 6 h, and stress applica-
tion using 3 M NaCl for 8 h (data not shown).
3.5. Activation of both the HOG and the mating
pathways by ATMEKK1
We complemented three di¡erent yeast strains de-
fective in the HOG pathway: hog1, pbs2 and the
triple ssk2/ssk22/sho1 mutant. The Arabidopsis gene
could not complement either the hog1 or the pbs2
mutants, downstream components of the functional
HOG pathway which are essential for yeast survival
under osmotic stress. The ATMEKK1 gene was able
Fig. 3. E¡ect of ATMEKK1 expression on survival rate of yeast
due to osmotic stress. S. cerevisiae ATMEKK1-transformed
cells previously grown in glucose (Glu) or galactose (Gal) were
incubated in 3 M NaCl (+NaCl) at 30‡C. The initial cells were
at mid-log growth at a density of 7U105 cells/ml. After 8 h of
osmotic stress (3 M NaCl), the number of surviving cells was
counted, as described in Section 2. Three independent experi-
ments (each with three replicates) were performed and showed
similar results.
Fig. 4. Glycerol production in yeast cells. The total glycerol lev-
el, normalized to the protein content, was measured in W303-
1A yeast strain in the absence (3) and presence (+) of osmotic
stress (3.0 M NaCl for 4 h). The cells were either non-trans-
formed or transformed with ATMEKK1, as indicated. The cells
were grown in ra⁄nose, then in galactose to induce ATMEKK1
expression. ATMEKK1 expression caused a 1.97-fold increase in
glycerol (t-test, P = 0.0002), similar to the 1.86-fold increase in-
duced by NaCl in the non-transformed strain (t-test,
P = 0.0691). Two independent experiments (each with three rep-
licates) were performed and showed similar results.
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Fig. 5. Activation of the HOG and the mating pathways by ATMEKK1. (A) ATMEKK1 functionally complements ssk2v ssk22v
sho1v de¢ciency and activates the HOG pathway in S. cerevisiae. Host cells were transformed with the pGal-cATMEKK1 vector.
Equal numbers of transformants (104 cells) were spotted on YPD medium with 0.45 M NaCl (left panel) or 0.9 M sorbitol (right pan-
el). Growth was scored after 4 days at 30‡C. Wild-type (WT) grew well. The hog1 mutant did not grow, whether ATMEKK1 was ex-
pressed or not (hog1v and hog1v/cATMEKK1, respectively). ATMEKK1 was able to rescue the ssk2v ssk22v sho1v triple mutant
(compare ssk2v ssk22v sho1v with ssk2v ssk22v sho1v/cATMEKK1) though not to the level of wild-type. (B) ATMEKK1 functional-
ly complements ssk2v ssk22v ste11v de¢ciency and activates the mating pathway. Host cells : ssk2v ssk22v sho1v, ssk2v ssk22v
ste11v and sst1v either transformed with pGal-cATMEKK1 (induced, middle panel ; uninduced, right panel), or untransformed (left
column), were plated on selective media. Sterile ¢lter disks were placed on the surface and saturated with 10 Wl of indicated amounts
of K-factor. Plates were incubated at 30‡C for 2 days. Cells that have an active mating pathway form a ‘halo’ that represents growth
arrest of cells around the ¢lter disk due to cell cycle arrest in G1 phase. The lack of an additional e¡ect of ATMEKK1 in the sst1v
mutant (which exhibits greater sensitivity to K-factor because it lacks a protease that normally cleaves K-factor) indicates that
ATMEKK1 expression does not change the normal sensitivity to K-factor when STE11 is present.
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to complement the upstream component, the ssk2/
ssk22/sho1 triple mutant when selected on 0.45 M
NaCl or 0.9 M sorbitol. However, the ATMEKK1
gene may not be closely related to the SSK2/SSK22
gene, since it could not complement under more
stringent osmotic stress, 0.9 M NaCl or 1.5 M sorbi-
tol (data not shown). The fact that the ATMEKK1
gene can complement the ssk2/ssk22/sho1 triple mu-
tant (Fig. 5A) indicates it may be a functional ho-
molog of the MEKK kinase step of a HOG pathway
in plants, although the level of conservation between
higher plants and yeast may be relatively low.
To assure that ATMEKK1 functions independ-
ently in the mating response pathway and the
HOG pathway, we transformed the MEKK kinase
defective HOG mutants: ssk2/ssk22/sho1 and ssk2/
ssk22/ste11 with ATMEKK1 and tested for their abil-
ity to arrest growth in the presence of the K-mating
factor. ATMEKK1 can complement STE11 function
in the ssk2/ssk22/ste11 mutant (Fig. 5B). In the ssk2/
ssk22/sho1 mutant (with a functional native STE11
gene), galactose induction of the ATMEKK1 gene
does not a¡ect the response to K-mating factor, con-
¢rming that the ATMEKK1 gene functions inde-
pendently in both pathways (that is, it does not acti-
vate multiple pathways due to ‘promiscuous’
phosphorylation).
3.6. Regulation of ARAKIN gene in A. thaliana
To con¢rm the possibility that the ATMEKK1
gene is involved in an osmotic stress response in
A. thaliana, we examined whether application of os-
motic stress to plants would a¡ect expression of AT-
MEKK1 message. For this purpose, we applied
250 mM NaCl stress for both long (1^24 h) and
short (5^60 min) time periods to A. thaliana seed-
lings. There was a 4.5-fold induction of the AT-
MEKK1 message within the shortest time that we
examined, 5 min (Fig. 6A). The expression increased
over the 60-min interval of stress treatment (Fig. 6B).
The expression of ATMEKK1 continued to be in-
duced long-term (1^24 h of NaCl osmotic treatment)
compared with water-treated controls (Fig. 6C). Miz-
oguchi et al. [2] had presented similar observations
only for long period of osmotic stress induction (over
period of 1^24 h). However, it is clear from our
results that the induction of ATMEKK1 message in
Fig. 6. E¡ect of NaCl osmotic stress on the ATMEKK1 expres-
sion. (A) Slot blot analysis of total RNA from 4-week-old A.
thaliana plants treated with 250 mM NaCl osmotic stress for
5-, 10-, 15-, 30-, 45- and 60-min intervals (0 is untreated con-
trol). The same blot was hybridized with the ATMEKK1 cDNA
and 18S rRNA DNA. (B) Hybridization signals shown in (A)
were quanti¢ed using the Packard Instant Imager software and
expressed as fold induction compared to the untreated control.
(C) Slot blot analysis of total RNA from A. thaliana plants
treated with 250 mM NaCl osmotic stress and water stress, for
1^24 h, was hybridized with the ATMEKK1 cDNA and quan-
ti¢ed using the Packard Instant Imager, and expressed as fold
induction compared to untreated control (time 0). Analogous
results were obtained when K-tubulin was used to correct for
loading. Northern blots were also performed to con¢rm specif-
icity of the probes, and, qualitatively, rapid activation (within
5 min) of expression was also observed.
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response to osmotic stress is a fast response (within
5 min). This fast response is consistent with other
measures of osmotic response, electrical potential
and ion £ux changes [54,55].
Examples of an electrical response and adaptation
in a root hair cell are shown in Fig. 7. The immediate
response to 100 mM NaCl (or other salts, KCl and
MgCl2, not shown) is a depolarization, complete
within about 20 s. Subsequent salt treatment causes
an attenuated depolarization, an adaptive response
observed within 2^3 min of the ¢rst salt stress appli-
cation. Thus, both initial and adaptive responses oc-
cur within 5 min, as does salt-induced ATMEKK1
gene expression.
4. Discussion
We identi¢ed the ARAKIN (also known as AT-
MEKK1 [2]) gene in our laboratory using a comple-
mentation screen designed to identify homologs of
the a-mating factor transporter (Ste6) [11,56]. We
[11] and Mizoguchi et al. [2] demonstrated that
ATMEKK1 could complement the mating response
pathway, speci¢cally at the STE11 (MEKK kinase)
step, and now extend our research to show some
unique properties of ATMEKK1 expression in yeast
and plants that may be of importance to its function
in plants.
The expression of ATMEKK1 increases glycerol
production in yeast, the probable cause for enhanced
survival under prolonged and intense salt stress con-
ditions. Increased glycerol production implies that
the HOG response MAP kinase pathway is required
for ATMEKK1-mediated yeast survival. And, in
fact, although ATMEKK1 does not complement
hog1 or pbs2 mutants, it does complement the ssk2/
ssk22/sho1 HOG response pathway triple mutant;
therefore, it acts at the MEKK kinase step of the
HOG MAP kinase pathway. Because ATMEKK1
completely restores mating in the ssk2/ssk22/ste11
triple mutant strain, its regulation is very similar to
the yeast STE11 protein, even though the regulatory
regions of STE11 and ATMEKK1 are not similar.
Yeast STE11 protein is not only a component of the
mating pathway, but also of the HOG pathway, in-
volved in Sho1-mediated activation of Pbs2 [21]. Ge-
netic analysis therefore suggests that Arabidopsis
ATMEKK1 is a recognizable substrate for both
STE20 in the mating response, and for the Sho1
receptor in the HOG pathway (Fig. 8). Previously,
Mizoguchi et al. [2] have shown that in Arabidopsis
ATMEKK1 expression is induced by various forms
of stress that include cold, water and salt stress even
after 1 h of stress induction, and 5 min after touch
stimuli. We also detected induction of ATMEKK1
expression by various forms of stress after long treat-
ment times. However under our experimental condi-
tions, salt-stress gave the highest level of induction
for ATMEKK1, and ATMEKK1 expression was rap-
idly induced (4.6-fold) within 5 min by osmotic
stress. This rapid time frame for induction is a close
match to immediate electrical responses to osmotic
stress, both the initial response and adaptation. In
addition, there are a number of documented cases
where components of plant signal transduction path-
ways are up-regulated by stimuli/elicitors of the path-
way [57]. Taken together, these observations suggest
that the A. thaliana ATMEKK1 functions in osmotic
responses in higher plants.
Fig. 7. Representative time course of osmotic e¡ects on the
membrane potential of A. thaliana root hairs. Soon after im-
palement, the root hair, normally bathed in a hypo-osmotic salt
solution (APW7) containing 0.5 mM KCl and NaCl, 0.1 mM
MgCl2 and CaCl2, bu¡ered with 1 mM MES at pH 7.0
(NaOH), was treated to the same solution plus 100 mM NaCl
at the times marked. The ¢rst NaCl treatment caused a depola-
rization of about 82 mV. A subsequent NaCl treatment resulted
in an attenuated depolarization (40 mV), indicative of adapta-
tion. Salt-induced depolarizations have been described elsewhere
[55]. The adaptation (attenuation of the salt-induced depolariza-
tion in subsequent treatments) reported here was also observed
when KCl was used instead of NaCl. For combined KCl and
NaCl treatments, the attenuation was 55.3 þ 14.0% (n = 5). Elec-
trophysiological methods used in these experiments are de-
scribed in Lew [54].
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Since ATMEKK1 was isolated using mating for
selection and complements a defect in STE11, we
examined how e⁄ciently ATMEKK1 interacts with
the mating system. A dominant allele of the STE11
gene has been isolated that is truncated at its amino-
terminal end (i.e., the ¢rst 352 of the native 717
amino acid long protein are missing) and constitu-
tively activates the mating pathway and restores mat-
ing at a level similar to the full-length STE11 [50].
Truncated STE11 is toxic to the cell. The only way to
recover toxicity in these cells is through a double
mutation at ste7/pbs2 [21]. These two mutations
block STE11 function in the mating response path-
way and the stress response (HOG) pathway. The
ATMEKK1 clone we isolated is also truncated at
its N-terminus, but it does not function like the dom-
inant STE11 : ATMEKK1 expression does not cause
permanent G1 arrest since budding yeast cells can be
observed. Furthermore, when coexpressed with the
native STE11 (using the sst1 mutant to obtain great-
er sensitivity to K-factor), the normal dose-dependent
mating response to K-factor is observed; and, it can
complement the ssk2/ssk22/ste11 yeast mutant simi-
lar to the yeast STE11 (Fig. 5B). Therefore, it does
not disrupt normal STE11 function by acting like a
dominant STE11 allele. The yeast cell morphology it
does induce, large vacuolate cells, is probably not
due to its interaction with the mating response, but
instead the HOG pathway.
We therefore examined the e¡ect of ATMEKK1
expression on the response of S. cerevisiae to osmotic
stress. The survival rate of yeast following high salt
stress (3 M NaCl) is dramatically increased upon
expression of the A. thaliana ATMEKK1 gene (Fig.
3), which also causes increased glycerol production.
To determine if the increase in survival rate was in-
dependent of the HOG pathway, we attempted to
complement two mutants of the pathway (hog1 and
pbs2) with the ATMEKK1 gene. Since ATMEKK1
could not complement either of these two mutants,
downstream components of a functional HOG path-
way are essential for yeast survival under osmotic
stress. Because ATMEKK1 is a MEKK component
of the MAP kinase cascade, if it interacts directly
with the pathway, one would expect it to comple-
ment the HOG pathway above Pbs2 kinase, at the
functionally redundant Ssk2/Ssk22 step. In fact, we
observe complementation of a ssk2/ssk22/sho1 triple
mutant, con¢rming that it functions at the level of
MEKK in the HOG pathway in yeast (Fig. 5A).
In A. thaliana, there is a large increase in
ATMEKK1 expression 5 min after application of os-
motic stress (Fig. 6). Because up-regulation of signal
transduction pathway components is commonly ob-
served as part of the response to the stimuli/elicitors
which activate the pathway [57], the rapid up-regu-
lation of ATMEKK1 suggests it may be part of the
osmotic response pathway in plants. Osmotic stresses
(either hypo-osmotic or hyper-osmotic) cause
changes in the electrical properties of root cells of
A. thaliana [54] and net ionic £uxes measured with
an extracellular ion-selective probe [55] within a sim-
Fig. 8. Schematic model of the ATMEKK1 role in the HOG
pathway and the mating pathway. The ATMEKK1 protein in-
teracts with both the mating and the HOG pathway, in a simi-
lar manner as previously demonstrated for the native STE11
protein. Glycerol synthesis is normally regulated by a cascade
of phosphorylation events that are activated when part of the
two component receptor (Sln1) is inactivated by high osmolar-
ity. This results in activation of Ssk1 kinase by dephosphoryla-
tion. Ssk1 then activates a MAP kinase cascade of sequential
phosphorylations: Ssk2/Ssk22, Pbs2 and Hog1. The end result
is an increase in glycerol synthesis. Another receptor Sho1 has
been identi¢ed that can activate Pbs2 through Ste11 protein.
Ste11 protein is also an independent component of the mating
pathway. In yeast there is no cross-talk between these two
pathways as a consequence of sca¡old proteins that hold signal-
ing complexes together (PBS2 and STE5). In mating response,
ATMEKK1 functions in a very similar manner to the yeast
STE11. ATMEKK1 complements the HOG pathway at Ssk2/
Ssk22. The complementation is relatively weak, suggesting a
low level of conservation between higher plants and yeast at a
MEKK kinase step in their respective osmotic response path-
ways.
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ilar time frame (1^5 min). As shown in Fig. 7, re-
sponses to salt and adaptation also occur within
5 min.
Abscisic acid (ABA) is known to play a critical
role in stress responses such as cold, drought, and
salinity [58,59]. One way that plants respond to stress
is by triggering calcium ions inside the cell. The sig-
naling molecule that regulates calcium release in the
ABA response has been recently identi¢ed as the
molecular cyclic ADP-ribose [60]. A number of
ABA inducible genes have been cloned and charac-
terized, many of which are MAP kinases. In barley
aleurone protoplasts, it is suggested that ABA acti-
vates MAP kinase via a tyrosine phosphatase [61].
Activity of a PP2C phosphatase in A. thaliana seems
to be essential for the ABA-sensitivity [62,63]. How-
ever, preliminary Northern blot analysis indicates
that ABA at 100 WM causes a decline in ATMEKK1
expression (data not shown), suggesting that it is part
of an ABA-independent stress response pathway.
In conclusion, we propose that ATMEKK1 is part
of the signal transduction pathway involved with os-
motic stress responses in higher plants.
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